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Abstract, This study investigates the temporal and spatial varation of soil moistore associaied
with global warming as siomulated by lomg-term integrations of o coupled ocean-atmosphere model
conducted earlier. Surting from year |765, integrations of the coupled model for 300 veurs were
performed for three stenanos: IncTeasing greenhouse gases only, incrensing sulfatc-aerosol loading
anly anid the combination of both radistive Torcings. The integration with the combined radiative
forcings reproduces approximately the ebservedd increases of global mesn surface wir lemperature
during the 20th century. Analvas of this integration indicates that bot summer dryness and winter
welness ocour m middle-to-high latitigles of Monh America and southern Furope. These Teatures
were idemified in earlier stucivs, However, in the southern part of Morth America where the percent
age redustion of soil moisiure during summer is guite Jarge, soil moistore is decreased for nearly
the entire ammual cyele in response 10 greenfiouse warming, A similar observation applies wother
semi-arid regions insubtropical 1o aiddle lutinndes such ps central Asia and 1he area surmounding
the Mediterrancan Sea. On the other hand, anneal mean runoff s greatly increased in high faliwdes
because of increased poleward transport of moisture in the warmer model armosphere

A analysis al the centeal North Amencan and sowtherm BEuropean regions indicates that the time
when the change of soil motsture exeeeds one standard deviation about the control integration occurs
cimsiderably later than that of surlace ar temperalure for a piven experiment becaose the ratio of
forced change w natural varishility is moch smaller for soil mowsture compared with temperature,
The corresponding lag time for nmoff change is even greater than that of either precipitation or soil
modstare for e same feason, Also aceording to the sbove crlerion, the fnclusion of the effect of
sulfote aerosals i the greenhouse warming experiment delays the noticeahle change of soil mostuee
by several decades, 11 appears that observed surface air temperature is a better indicator ol grecnbouse
warmning than hvdrolozic guantities such as precipitation, runoff and soil moisture. Therelore, we are
unhikely to netice defnitive CO5-indoced contimental summer devness until several decades into the
21 st centary,

1. Introduction

Recently, Haywood et al. (1997), investigated the responses of a coupled ocean-
atmosphere model, developed at the Geophysical Fluid Dynamics Labaratory
(GEDL) of NOAA, 1 increases of nol only anthropogenic greenhouse gases but
also sulfate aerosols. In particular. they briefly described the changes of mid-lati-
tude continental soil moisture during the summer season as obtained from the
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coupled model. They concluded that, owing to reflection of insolation by increas-
ing sulfate aerosols and the large mter-annual variability of soil moisture amount,
a summer dryness signal does not become apparent until after the beginning of
the 21st century in the experiment with both greenhouse gases and aerosols. The
present study will describe and discuss these changes in greater detail.

Al present, there are larze uncertaintics in the magnitude of the thermal forcing
of sulfate aerosols as well as 1gnorance of other anthropogenic and natural factors
which may have forced climate over the past 200 vears. Nevertheless, the model
including both sulfate aerosols and greenhouse gases simulates, approximately, the
warming trend during this century (Figure 1) This encouraged us to evaluate the
mid-latitude continental summer dryness which appears during the early part of the
next century in the numerical expeniment discussed by Haywood et al. (1997) and
Manabe (1998).

Using simpler general circulation models in which the atmosphere is connected
lo a mixed-layer ocean model, several investigators found that soil moisture tends
1o decrease during the summer season over mid-continental regions in middle and
high latitudes in response to an increase of atmospheric carbon dioxide concen-
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tration {e.z., Manabe et al., 1981; Manabe and Wetherald, 1987, Mitchell and
Warrilow, 1987). These results are summarized in Schlesinger and Mitchell (1987),
Kelloge and Zhao (1988) and Mitchell et al. (1990). This tendency for continental
summer drying has also been obtained in “coupled model” experiments such as
Manabe et al. (1992), Gregory et al. (1997) and Mitchell and Johns (1997}, Us-
ing 1 mixed-layer model with highly idealized geography. Wetherald and Manabe
(1995} (hercafter WMO935) investigated the specific mechanisms responsible for the
summer dryness.
This study will attempt to answer the [ollowing questions,
a4) How is the soil moisture change of the coupled model altered if' the cooling
effect of increasing sulfate aerosols 15 added 10 the warming effect of increasing
greenhouse gases?
by When will the soil meisture change associated with global warming become
larze enough 1o be noticeable?
¢) What are the physical mechanisms for the changes in so1l moisture and runoff
associated with global warming?

[t is likely that the systematic changes of soil moisture discussed in this study could
have an important impact on agricullural practices and other human activitics,
Although soil moisture is not a variable which is routinely observed. we believe
that i is worthwhile to inquire when the changes of soil moisture, as well as other
hydrologic quantities, become large enough 1o be notable,

2. Model Deseription and Experimental Procedure

Since our analysis uses the integrations described in Haywood et al. (1997}, only a
triel outline of the model and experimental procedure is given here. The coupled
ocean-atmoesphere land-surface model of Manabe et al, (1991 was used, which is
constructed by combining 4 general circulation model of the world ocean with a
general eirculation model of the atmosphere. The atmespheric model 15 a spectral
model, rhombiedally truncated at wave number 15 (R15), which includes global
seography, seasonally varying radiative processes, and heat and water budgers at
the continental surface. Overcast cloud is forecast whenever the relative humidity
exceeds 99%: otherwise clear sky i5 assumed.

Hydrologic processes are simulated according to the scheme deseribed in Man-
abe (1969). Over the continents, both snow cover and soil moisture are predicted.
Snow cover is determined from snowfall. sublimation and snowmelt, Soil moisture
15 computed by the “bucket method” where the soil is assumed to have a water
holding capacity of 15cm. If the computed soil moisture exceeds this amount, the
excess is classified as runoff. Changes in soil moisture are computed from the: rates
of rainfall, evaporation, snowmelt and runoff. Evaporation from the soil surface is
determined as a function of soil moisture and the potential evaporation rate,
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The effects of both aerosols and greenhouse gases were incorporated into the
above model. In particular, estimates of past, present and (uture equivalent carbon
dhoxide and sulfate concentrations are identical to those of Mitchell et al. (1995a,b).
Here, the equivalent carbon dioxide concentration is preseribed for vears 1763 o
1990 (Mitchell er al.. 1995a), followed by a 1% per year increase compounded for
years 19890 to 2065, The direct radiative forcing of sulfate aerosols is simulated
by adjusting the surface reflectance of solar radiation according to the method of
Mitchell et al. (19954.b). This scheme simply parameterizes the reflective effects of
aerosols withoutl performing the radiative computations on the three-dimensional
distributions of aerosols directly, The actual aerosol distribution for each maodel
vear Is determined from separate loading panterns for the years 1986 and 2050,
tollowing the scenario IS92a of the report [PCC-1992 (Leggett et al., 1992). Tt is
interpolated from a zero loading pattern at 1763 1o the loading pattern at 1986,
linearly interpolated between the two loading patterns for vears 1986 to 2050, then
extrapolated from the loading pattern of 2050 to 2063.

As stated in Haywood et al. (1997), four separate integrations are performed:

1 A [000-year control integration where the equivalent CO» concentrations of
greenhouse gases (except water vapor) and sulfate aerosols are held fixed al
vear 1763 levels.

it A greenhouse-gas forcing only (referred to as *COL7 )

i1, Sulfate-aerosol forcing only (referred 1o as *SUL™),
. Both the equivalent carbon dioxide and sulfate aerosol forcings stated above
for years 1765 10 2065 (referred to as CO, + SUL).

In the subsequent discussion, the above acronyms will indicate the dilference be-
tween each experiment and the control integration (i.¢., CO: means CO» minus
control, etc.). A detailed analysis is made of two specific regions taken from the
report IPCC-1990 (Mitchell et al., 1990). namely, central North America (CNA,
3550 N, 85105 W) and southern Europe (SEU, 33-30 N, 10 W—5 E). These
regions are chosen for their imponance in agriculire:

X Response of Surface Hydrology
31, JUNE-ITULY-AUGLUST RESPONSE

A natural starting point [or this analysis is the global response of soil moisture
obtained from the "CO; +5UL" experiment for the summer (June—luly—August)
season. During years 1985-2015. the change of soil motsture is relatively small
excepl for an apparent negative maximum region over central Canada (Figure 2a)
which almost disappears later (Figure 2b). However, more definitive changes occur
in years 2035-2065 when soil moisture decreases over most continental regions,
especially North America. Europe and central Asia (Figure 2b). Although this
feature has been present in previous studies (e.g., Manabe and Wetherald, 1987,
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Figure 2. (a) Geographical distnbution of the ditfference in soil moisture (cm) between the
‘OO + SUL and control experiments averaged over June—July—Aungust for vears 19852013, (b}
Same as above except for vears 2035-2065. Differences here and all other ligures are computed
using thie TOO0-year mean values froom the contral inlegration,

Manabe et al., 1992), it does not become apparent in *COs + SUL until two to
three decades into the next century, Over India, soil moisture actually increased
during the summer season due 10 enhanced monsoonal raintall there. This result
has appeared consistently also in earlier studies (e.g.. Mitchell et al., 1990).

The relative umpoertance of the soil moisture changes shown in Figure 2b can
be evaluated by relerming to the percentage change shown in Figure 3. (Percentage
change 15 defined as the COs-induced change in Figure 2b divided by the soil mois-
ture from the control run.) Inthis figure, the percentage reduction of seil maoisture
exceeds 30% for the southwestern portion of North America, central Asia and the
regions surrounding the Mediterranean Sea. In the Southern Hemisphere, it is also
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Figire 3, Geogruphical distribotion of the percentage %) of the sotl meisture difference represented
in Figure 2b to the time mean values of soil molswre from the control inlegration,

quite large in Australia and the southern portion of Africa. In gencral, the greatest
percentage reductions occur in semi-arid regions of subtropical latitudes where the
amount of soil moisture in the control run 15 relatively small and the insolation is
quite large. The percentage reductions of soil moisture are guite small in higher
latitudes where the soil is nearly saturated in the control run. As noted above, an
exception to this general drying is India where the percentage increases of soil
morsture are 50 to T0%.

In order to evaluate the detectability of soil moisture changes which oceur n
response Lo the various radiative forcings, the magnitudes of the soil moisture
changes are compared with the standard deviation of the natural soil moisture
variability in the control integration. When the forced change (i.e.. signal) ex-
ceeds the standard deviation of the natural variability (i.e., noise), it is likely that
we can distinguish the signal from the noise. In other words, the signal becomes
‘detectuble’, (Hereafter, the term “detectable” will be used in this manner for the
sake of convenience). Figures 4a and 4b illustrate, for the CNA and SEU regions
respectively, the smoothed time series of 20 year running-mean values of summer
soil moisture anomalies together with the standard deviation of soil moisture from
the control integration, These figures indicate that the appearance of a detectable
change of soil moisture in "CO-+ SUL lags that in "CO:" by about 20 years tor
hoth regions. In CNA, the reduction of soil moisture does not become detectable
until approximately vear 2000 in *CO-" and year 2030 in *CO,+SUL", In SEU. a
similar difference exists between 'C0O;" and "CO- + SUL

The change of surface air temperature becomes detectable much earlier than that
of soil moisture, Figure 5 1llustrates the corresponding time series of yearly mean
anomalies of surtace air temperature averaged over June-July-August for CNA and
SEU. In "CO5; +SUL" for example. & change of surface uir temperature becomes
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detectable as early as year 1975, For both “COy” and "CO; 4 SUL, the appearance
of 1 detectable change of soil moisture lags hehind that of surface air temperature
by several decades in both the CNA and SEU regions (compare Figures 4 and 3),
This is because the signal-to-noise ratio [or soil moisture is much smaller than
that for surface air temperature. This smaller signal-to-noise ratio of soil moisture
is attributable to the relatively large natural variability of the yearly mean change
of precipitation rate (not shown). Figures 4 and 5 also ndicate that the inclusion
of aerosols delays the detectable changes of hoth soil moisture and remperature
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Flgure 5 Same as Figure 4 except for surface air temperature (degrees C),

by several decades. This suggests that definitive evidence of CO»-induced summer
drying in these locations may not appear until several decades into the 215t CERLLTY.

3.2, DECEMBER-JANUARY-FEBRUARY RESPOMNSE

During winter, soil moisture increases in middle te higher latitudes of the North-
ern Hemisphere as indicated in Figure 6h. In high latitudes, the increase of soil
moisture becomes significant during the years 1985-2015 (Figure 6a). In middle
latitudes there is relatively little consistent change of soil moisture in yeurs [WH5—
2015 whereas a more definitive change occurs in vears 2035-2005 (Figure Gh).
This COz-induced increase of soil moisture over the continents in middle 1o high
latitudes has occurred in previous studies (e.z.. Manabe and Wetherald, 1987 Man-
abe etal., 1992). Also, in the southern and central portions of the U.S.. soil moisture
is decreased in both summer and winter, which implies that drier conditions exist
there throughout the entire year: Similar conditions apply to other regions, such as
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Figare 6, () Geographival distribution of seil moisture snomaly (em) from 200 + SULT during
December-January-Fehruary for years 19832003, {h) Same as (8] exeept for years J035-2003,

central Asia and the area surrounding the Mediterrancan Sea. This topic will be
discussed further in Section 4.

3.3 ANNUAL MEAN RESPONSE

As an example of the annual mean response of hydrology in *CO. + SULY, Figure 7
shows the difference of runeff for years 2035-2065, Relatively large increases of
annual mean runoff occur in the higher lattudes of North America. Europe and
Eurasia. Manabe and Wetherald (1975, 1980), showed that greenhouse warming
produced # larger poleward transport of water vapor resulting in a marked increase
of precipitation in higher latitudes. Since the soil moisture of the control run is
nearly suturated in higher latitudes, most of this increased precipitation is trans-
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Figure 7 Geographical distribution of the annusl mean runoft anomaly (cugvear) from "CO- + SUL
faar the trme period 2033-20165,

lated directly into increases of runol! through both rainfall and snowmelt (Manabe
and Wetherald, 1987). These results indicate that, although drier conditions occur
during the summer season over the continents of the Northern Hemisphere due to
greenhouse warming, the surplus of precipitation and snowmelt during the rest of
the year compensates for this summer dryness over most regions and provides more
runoff overall. An exception is the central and southern portions of the U.S., where
the annual mean runoff s decreased. In the subtropical regions of Eurasia and
Africa, there is a slight reduction in annual mean runoff except for India and Tibet
where both runoff and soil meisture are increased greatly (Figure 7. Figure 2h),
respectively.

Figure 8 shows the distributions of vearly runoff differences obtained from the
three experiments during June=JTuly—August for both CNA and SEU. Here, the
decreased runoff change for “COs" becomes deteetable around the vear 2030 for
both regions, whereas the corresponding changes of runoff are not detectahle for
either "CO: +SUL" or *SUL' throughout their entire integrations. Since in general,
runoff’ has a smaller signal to noise ratio than soil moisture, more time is required
to obtain detectable differences for this quantity. Therefore, detectable changes of
runofl lag these of both seil moisture and surface wemperature.

4. Mechanism of Summer Dryness

As described already, soil moisture in the mid-continental regions of the coupled
model is reduced in summer during the first half of the 21st century ('CO, + SUL' )
The percentage reduction of soil moisture. however, is particularly large in semi-
arid regions of the world, such as the southern part of North America, central
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Asia and the area around the Mediterranean Sea. In these regions, sail moisture 15
reduced during most of the year, in contrast 1o middle and higher latitude regions
where soil moisture is increased in winter and reduced during summer.

In order to explore the physical mechanisms responsible for the COs-induced
change in soil moisture, we highlight two separate regions in the Morth Amer-
ican Continent of the coupled model, In the northern region, named CNAL (40~
53° N. 85— 1057 W), soil moisture is decreased in summer but increased markedly in
winter. On the other hand, soil moisture is decreased during most of the year in the
southern region, named CNA2 (27407 N, 85-105° W), Because the mechanisms
of soil moisture change are significantly différent between these two regions, these
mechanisms are discussed separately.

For the CNA | region, the annual eyeles of soil moisture for the *CO2 + SUL” and
control integrations are presented in Figure 9a. These cycles are averaged over the
last 30 years (i.e., 2035-2063) of the integration. In CNA1, where the soil moisture
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often approaches saturation in spring, the change of soil moisture associated with
global warming hecomes negative from spring to fall. whereas it is positive n
winter { Figure Ya). Since the mechanisms responsible for the sumimer reduction of
sol moisture in this type of region were discussed extensively in previous studies
(i.e.. Manabe and Wetherald, 1987; MWY5), they will simply be owtlined here as
follows.

In general, the increase of both CO= and water vapor in the model atmosphere
mereases the downward flux of longwave radiation absorbed by the contimental
surfice. This results in an early disappearance of snow cover (with a large surface
albedo). thereby increasing the solur energy absorbed by the continental surface.
Because of the increase in the surfuce absorption of hoth I mgwave and salar ra-
diation, evaporation is enhanced during spring and early summer (Figure 10a).
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reducing the soil moisture in the CNAL region, By mid-summer. the soil moisture is
reduced 1o the point where evaporation can no longer increase. Thus: evaporation is
decreased and sensible heat increased, reducing the near-surface relative humidity
and cloud cover. which increases insolation absorbed by the continental surface
aned makes more energy available for evaporation. On the other hand. the rate of
precipitation hardly increases over the continents in summer because of the low
relative humidity in the lower troposphere (Figure 10a). As a matter of fact, the rate
of precipitation even decreases slightly after mid-summer when the soil becomes
very dry, Therefore, the soil moisture anomaly remains negative throughout the rest
of the summer and early fall in “CO5 + SULY

In sharp contrast to the summer situation discussed above, soil moisture in
CNAT increases during winter in "COs + SUL” (Figure 9a). Despite the increase in
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the downward Nux of longwave radiation. the rate of evaporation hardly increases
over the continental surface in middle and high latitudes where the increase in the
downward flux is compensated mainly by the upward Auxes of sensible heat and
longwave radiation rather than latent heat flux in winter, On the other hand. the
rate of precipitation increases significantly in the CNA| region where the relative
humidity in the lower troposphere is much higher in winter than in summer (Fig-
ure 10a). This is quite different from the situation in summer when the relative
humuidity in the lower traposphere ts very low and precipitation hardly increases in
this region despite the increase in the rate of evaporation in the surrounding ocenns,
The inerease in precipitation, together with the failure of evaporation o increase,
accounts for the increase of soil moisture in the CNAL region during winter in
100 + SULS

In the CNAZ region, where there is little or no snow cover in spring, the monthly
mean soil moisture is considerably below saturation during most of the vear, Fig-
ure 9b indicates that the COs-induced change in soil moisture is negative through-
out the entire year and the maximum reduction oceurs from summer to early winter.
As in CNAL the reduction of soil moisture in CNAZ2 is attributable partly to the
increased downward fAlux of terrestrial radiation resulting from the increase of both
CO; and water vapor in the model atmosphere.

The increase in the downward flux of longwave radiation raises the surface
temperature, thereby increasing the rate of potential evaporation. As Figure 10b
indicates, the increase in potential evaporation increases the evaporation from early
winter w May when the soil moisture is relatively large. However, the COs-induced
change in the evaporation rate becomes slightly negative from summer to early
fall when soil moisture is relatively small. On the other hand, the COs-induced
change of precipitation rate in the CNA2 region is negative threwghout most of the
annual eycle (Figure 10b), in sharp contrast 1o the situation over most of the globe
where both evaporation and precipitation increase in response 1o the Imcreasing
atmospheric carbon dioxide. The failure of precipitation 1o increase is attributable
partly to the reduction of near-surface relative humidity in these regions where
aomagor fraction of radiative energy absorbed at the land surface is removed as
sensible heat flux rather than through evaporation. The increase in potential EVap-
oration together with the reduction of precipitation discussed above contribute to
the general reduction of soil moisture shown in Figure 9h. The decrease of soil
muoisture, in tuen, redoces the near-surface relative humidity and precipitation rate
lurther throughout most of the year (Figure 10b), The reduced near-surface relative
humidity induces a corresponding reduction of low level cloudiness, increasing the
msolation reaching the continental surface and further enhancing the drying of the
soil, This analysis applies equally well to other semi-arid regions of the world such
is central Asia and the area surrounding the Mediterrancan Sea.
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5. Summary and Conclusions

Results of the 'COs + SUL integration suggest that, over mid-continental regions
of middle and high latitudes, the summer reduction and winter increase ol soil
mpisture will not become noticeable until the first half of the 21st century, An
analysis of the central North American and southern Furopean regions indicates
that the time when the change of soil moisture exceeds one standard deviation about
the control integration occurs considerably later than that of surfuce temperature
because the ratio of the forced change to the natural variability is smaller for sl
moisture than for temperature. It is also found that the cooling effect of sulfate
acrosols delays the detection of both soil moisture and surface temperature changes
by several decades.

The percentage reduction of soil moisture in summer is particularly large in
some semi-arid regions of the subtropical to middle latitudes. such as the southern
part of North America, central Asia and the areas around the Mediterranean Sea.
In these regions, soil moisture is reduced during most of the year, in contrast to
the mid-continental regions of middle-to-higher latitudes where soil moisture is
reduced during summer but increased in winter. In south Africa and Australia of
the Southern Hemisphere. the percentage reduction of soil moisture is pronounced
in winter. In response to the increased downward flux of terrestrial radiation as-
sociated with greenhouse warming, surface temperature is increased markedly in
these semi-arid regions, which increases potential evaporation. On the other hand,
the precipitation rate hardly increases or even decreases slightly in these regions
where a major fraction of the additional radiative energy absorbed by the land
surface is removed as sensible heat flux rather than through evaporation. Both of
these lactors contribute to reduced soil moisture during most of the annual cycle.

Annual mean precipitation and runoff are increased considerably in high latit-
udes of North America, Europe and Eurasia due to the greater poleward transport of
watter vapor in the warmer model atmosphere, Since the soil is nearly saturated in
high lutitudes in the control integration, most of this increased precipitation occurs
as runofl. This implics an excess of annual mean runoff in most river basing in high
latitudes for the current greenhouse warming scenario.

One should note that the results described here do not always coincide with
those ebtained from similar sets of numerical experiments conducted at other insti-
tutions. For example, in the study described by Mitchell and Johns (1997), summer-
time soil moisture also decreased over both North America and Europe when only
sreenhouse gases were increased. However, soil moisture increased over southern
Europe in response to the combined radiative forcing of both greenhouse gases and
sulfate aerosols, One can speculate that this difference is attributable to the larger
alobal warming of the GFDL model as compared with the Hadley Center model.
Because of the difference in sensitivity, the warming of the continental surfaces
attained by the middle of the 21st century is larger in the GFDL model than in the
Hadley Center model, resulting in more summer dryness in the former model. If
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one extended the time integration of the Hadley Center model beyond the middle of
the 21st century, mid-continental summer dryness may become more discernible.

It has been noted that the response of soil moisture to greenhouse warming
depends very much upon the simulated distribution of summertime soil mois-
ture in the control experiment. For example, if soil moisture is very small over
mid-continental regions in summeér, then COs-induced summer reduction of soil
moisture cannol oceur (e.g., Meehl and Washingion, 1988: Kellogg and Zhao,
|988: Rind et al., 1990}, One should also recognize that the geographical distribu-
tions of radiatively forced changes of hydrologic variables can depend significantly
upon the details of the land-surfuce scheme used (Chen et al., 1997). In view of
the difference in the hydrologic response among various models, one should not
take too literally the geographical distributions of the changes of soil moisture and
runoft obtained in the current study,

The results from the numerical experiments conducted here indicate that the
rato of radiatively forced w internally generated changes is much smaller with
hydrologic variables than with surface temperature, a conclusion unlikely to be
model-dependent. This implies that the latter is a more reliable indicator for the
detection of greenhouse warming than hydrologic quantities such as precipita-
tion, runoft and soil moisture, 1t should also be noted that the | Gedyear increase
of COz-equivalent concentration of greenhouse gases, assumed after 1990 in the
present experiments, appears to be larger than the rate observed so far (1 Toughron
et al., 1996). Therefore. we are unlikely to convincingly identify summer dryness
attributable to greenhouse warming until several decades into the next century.
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